The purpose of this study was to develop a gas-liquid chromatography method for the determination of the urinary excretion of two nonmetabolizable sugars (lactulose and mannitot) to estimate the intestinal permeability.
Introduction

D
ual sugar absorption tests have been used as noninvasive methods for the evaluation of passive intestinal permeability of the small intestine in a number of gastrointestinal diseases in children (1) (2) (3) . Procedures are performed by using two nonmetabolizable sugars of different molecular weight: a disaccharide (usually lactulose or cellobiose) and a monosaccharide (mannitol or rhamnose) (4-6) and measuring their urinary excretion after oral administration. The disaccharide is absorbed by a paracellular route across tight junctions between adjacent enterocytes, whereas the monosaccharide is absorbed via the water-filled trough in the enterocyte membrane. In cases where the mucosal barrier is damaged, such as celiac disease (3, 6) , cystic fibrosis (5) and cow's milk protein intolerance (7) or those where gut closure is incomplete like in the newborn infant, especially preterm neonates (8, 9) , the gut is permeable to intact sugars and proteins (9) . For this reason, an increase in the disaccharide/monosaccharide urine excretion ratio would indicate an abnormal passive uptake of sugars and maybe antigens, due to the use of the same paracellular route across the mucosal barrier.
Several methods have been developed to detect these sugars in urine by paper-or thin-layer chromatography (10, 11) , enzymatic (12), gas liquid chromatography (13) , and HPLC (14) (15) (16) (17) , but most of them are time consuming and difficult techniques which may limit the number of samples that can be processed and increase the possibility of analytical errors, leading to a high coefficient of variation.
In this study, a rapid gas-liquid capillary chromatography method for the determination of urinary lactulose and mannitol is described. In addition, the new method was tested in a group of preterm and term newborn infants, estimating their intestinal permeability.
Methods
SUBJECTS
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Twenty-seven infants (6 at term; 21 preterm) were enrolled in the study at the Hospital MaternoInfantil, M~ilaga, Spain. None had suffered respiratory distress or required IV therapy and all were asymptomatic and on full oral feeding by the second day of life. The informed consent was obtained from the subjects' parents and the protocol was approved by the Hospital's Ethics Committee. Term infants were fed human milk, 4 preterm newborn infants were breast fed, and the rest received a low birth weight standard milk formula. Only traces of lactulose were detected in the milk formula (<1 mg/kg of milk formula on a dry basis).
LACTULOSE-MANNITOL TEST
At 7 d of life, a test dose of lactulose and mannitol (300 and 60 mg, respectively) was administered dissolved in the liquid diet. Breast-fed infants received the test dose dissolved in water. Total urine was collected for the following 5 h, using merthiolate as preservative (minimum 100/L urine). Aliquots were stored at -30 °C until analysis for lactulose and mannitol content by gas chromatography.
GAS CHROMATOGRAPHY ASSAY OF LACTULOSE AND MANNITOL
Internal standards (40 }xL of an aqueous solution of 10 mg/mL methyl ~-D-glucopyranoside for the mannitol estimation and 10 mg/mL of sucrose for the lactulose estimation) were added to the urine sample (0.2 mL) and it was evaporated to dryness under nitrogen at 50 °C. Samples were further dried overnight in a desiccator with phosphorus pentoxide. The derivatization was performed adding 0.2 mL of a 2:2:1 (v/v/v) solution of pyridine, [N,Obis(trimethylsilyl)]-acetamide and chlorotrimethylsilan, allowing reaction for 20 min at 60 °C.
Gas chromatographic resolution was carried out in a 5890 HP gas chromatograph (Hewlett Packard, Palo Alto, CA) equipped with a flame ionization detector. A 60 m x 0.32 mm I.D. fused silica capillary column with a 1 ~m film thickness of the chemically bonded phase SPB-1 (Supelco, Bellefonte, PA) was used. The carrier gas (nitrogen) flow-rate was 75 mL/min. The chromatographic conditions were as follows: detector temperature, 350 °C; injector temperature, 250 °C; column temperature program: initial temperature, 250 °C, increased at 15 °C/min to 300 °C and held for 17 min. Aliquots of 1 ~L of the samples were injected. Results were expressed as the ratio of the oral lactulose to the oral mannitol excreted.
HPLC ASSAY OF LACTULOSE AND MANNITOL
Twenty }xL of standard solutions of lactulose and mannitol ranging 1 mg/mL to 40 mg/mL were injected into a HPLC system following essentially the procedure reported by Willems et al. (15) to compare this method with the gas chromatography assay described above in terms of accuracy and sensitivity. The HPLC system (Waters; Milford, MA) was equipped with an isocratic pump (Model 510), a manual injector (Model UK-6), a carbohydrate column (300 × 5 mm) and a refractive index detector (Model 410). The mobile phase was acetonitrilepurified water (80:20 v/v) properly degassed. The column was kept at room temperature (22 °C -+ 1 °C). Figure 1 shows a chromatogram of a standard sample containing a-D-methyl-glucopyranoside, mannitol, lactulose, and sucrose. Figure 2 shows a chromatogram of a urine sample for one of the subjects containing the internal standards. No other peaks were found in urine with the same retention times as the probe markers.
Results
Ten runs of the same standard sugar solution (10 mg/mL of each lactulose and mannitol) were performed using both GLC and HPLC methods at different days (Table 1) . GLC analysis corrected with the internal standards sucrose and a-methylglucopyranoside gave the lowest coefficients of variations either using the standard solution alone or when the solution was added to urine (4.78% and 2.92%, respectively).
The limits of detection for the GLC and HPLC assays were 15 and 20 ~g, respectively. The limit of detection was considered as 20 times the height of baseline noise.
The range of analysis oscillated between 10 and 800 tLg of sugar for the GLC assay and 20 and 800 ~g for the HPLC method. For these ranges the linearity obtained in both methods were high (GLC; lactulose: r 2 = 0.9983; mannitol: r 2 = 0.9943; HPLC; lactulose: r 2 = 0.9770; mannitol r 2 = 0.9880). The recovery dropped in the HPLC assay when the amounts of sugars increased higher than 300 ~g because the response of the refractive index detector decreases with increasing concentrations of sugars.
The average recovery of lactulose and mannitol added to urine in the range of analysis was 105.9 +-2.17% (X +-SD) and 97.2 -+ 4.03% for the GLC assay and 94.4 -+ 15.45 and 105.4 -+ 10.67% for the HPLC method. Table 2 shows the corrected urinary lactulose/ mannitol excretion ratios of at term newborn infants fed human milk and preterm infants fed human milk and a low birth weight milk formula. The lactulose/mannitol excretion ratios were fairly similar in the two groups fed human milk whereas in the group of preterm-infants fed formula a trend to increase was shown, although there were not significant differences with the other groups due to the broad dispersion of values.
Discussion
Dual sugar intestinal permeability tests are widely used due to their low invasiveness and are considered to be the most valid screening test for the study of the integrity of the small intestinal mucosa in children (18) (19) (20) .
The gas-liquid chromatography method described here overcomes many of the problems in the estimation of intestinal permeability by the measurement of carbohydrates in urine. It avoids the necessity of the ion exchange purification of the samples described in previous methods (9, 14) , shortening the sample preparation time without the lack of resolution in the chromatographic separation.
Under the chromatographic conditions described, mannitol, lactulose, and their respective internal standards were well separated in less than half an hour. The inclusion of two internal standards (amethyl-D-glucopyranoside and sucrose, the former for the mannitol estimation and the latter for the lactulose one) reduced the variation coefficient of the lactulose/mannitol ratio from 9.44% to 4.78%, after 10 runs of a standard solution containing the four assayed sugars. In addition, corrected lactulose/ mannitel ratios (with the aid of internal standards) in standard solutions were very similar to those observed for the same solution added to normal urine, The standard solution contained 10 mg/mL of each sugar. The amounts of lactulose, mannitol, and the internal standards were calculated in mg/mL. The mean (X), SD, and coefficient of variation (CV) were calculated for 10 analyses. Values are expressed as mean -+ SD.
indicating that the presence of those sugars in the urine did not affect their determination. When using internal standards the coefficient of variation for the lactulose/mannitol ratio was lower in the gas-liquid chromatography described there than using a previously published HPLC method (15) . Moreover, the sensitivity, range of analysis, and linearity were better in the gas-liquid chromatography method and the variances in the recovery of lactulose and mannitol added to urine were significantly higher in the HPLC method than in the gas-liquid chromatography procedure. The potential advantages of the method presented here over methods previously reported are summarized in Table 3 . Although some factors could alter total recovery of the sugars and indeed urinary sugar levels, they make little difference to their urinary excretion ratio (4). Because results are expressed as the lactulose to mannitol urinary excretion ratio, the effects of factors such as differences in ingestion, gastric emptying, intestinal transport, blood distribution, clearance, and urine collection are avoided because all these factors can be applied equally to both sugars and the difference in the ratio should therefore reflect differences in the rate of transfers of both sugars across the intestinal mucosa (21) . Expressing results as the lactulose to mannitol ratio has the additional advantage of avoiding 24 h collection which was necessary in other previously published methods (7, 21) , because of the similar rate of urinary excretion of both sugars.
There was a slight increase in the lactulose/ mannitol urinary excretion ratio in preterm infants fed milk formula compared to those infants fed human milk. However, preterm infants fed human milk showed similar lactulose/mannitol ratios to those exhibited by breast fed term infants. Due to the broad dispersion of these ratios these differences were not significant.
It is known that there is an enhanced intestinal permeability in the preterm newborn (4, 8) which represents an immaturity of the gut mucosa, but there is also a rapid decline in permeability which follows the onset of oral feeding (9) .
These results are in agreement with those obtained by Weaver et al. (21) who found that cow's milk formula delayed the decline in the intestinal permeability in term infants suggesting that human milk contains growth factors and hormones that may contribute to the maturation of the mucosa and leads to an accelerated reduction in lactulose uptake.
In conclusion, the results of this study confirm that the lactulose/mannitol urinary excretion ratio is a valid tool for studying intestinal permeability in newborn infants and that the method described here for the determination of urinary lactulose and mannitol is more rapid, simpler, and more accurate than other previously published methods.
